The glacio-hydrological modeling shows that at present, the annual glacier imbalance accounts for about 14% of the total runoff in this area. Under Climate change impact, the temperature will increase 0.95 °C (RCP4.5) and 1.67 °C (RCP8.5) for the early future (2046)(2047)(2048)(2049)(2050)(2051)(2052)(2053)(2054)(2055), and increase 1.53 °C (RCP4.5) and 3.4°C (RCP8.5) for the late future (2090-2099). The glacier area loss is about 47 % (RCP4.5) and 49 % (RCP8.5) for the early future and 73 % (RCP4.5) and 80 % (RCP8.5) for the late 20 future. This will result in a decrease in river runoff in general for all the scenarios. The heaviest decrease of Beas river runoff can be observed in August under RCP4.5 and in May under the RCP8.5 for both the near future and far future. This maximum decrease of river runoff also has the largest spread. Furthermore, a high resolution WRF precipitation suggested a much heavier winter precipitation over high altitude area in the Himalaya Beas river basin. The study helps to understand the hydrological impacts of climate change in North India and make a contribution to stakeholders and policy makers with 25 respect to the future of water resources in North India.
stations, daily minimum and maximum temperature of 4 meteorological stations and daily potential evapotranspiration of one station are obtained from Bhakra Beas Management Board (BBMB) in India were used for GSM-WASMOD modelling. The outlet discharge station of Thailout was used for GSM-WASMOD model calibration and evaluation, which was also obtained 125 from the BBMB. Furthermore, the daily precipitation from a horizontal 3 km WRF simulation by Li et al. (2017) is also used in the study for further experiment and discussion on the precipitation uncertainty.
METHODOLOGY

Glacier-and snow-melt module (GSM)
A conceptual glacier-and snow-melt module (GSM) was used to compute glacier mass balances and melt-water runoff from 130 the glacier in the study basin, which was only applied to the grid cells of the glacier-covered area. Those glacier grid cells were defined by ESRI ArcGIS system v. 9.0 (or higher) and set up before modeling based on the Global Land Ice Measurements from Space (GLIMS) Glacier Database (http://glims.colorado.edu/glacierdata/glacierdata.php) (Berthier, 2006; Raup et al., 2007; Li et al., 2013a) . The daily temperature and precipitation were input data for the GSM module, which calculated both snow accumulation and melt-water runoff. In the GSM module simulation, the precipitation shifted from rain to snow linearly 135 within a temperature interval of ∆T (Table 1 ). In the study, the 1 st of October was assumed to be the time when the snow (which has not melted away during summer) transferred to be firn. Besides, 20 % of the existing firn was assumed to become ice. In this case, an average transition time from firn to ice was five years. Additionally, the liquid water in the snow from rain or melt infiltrated and refreeze in the snowpack, which filled the available storage. Runoff occurred when the storage was filled, which depended on the snow depth. The snow started melting firstly, which followed by the melting of the refrozen water and firn 140 accordingly. At the last, the (glacier) ice started to melt when the firn has all melted away. We used a degree-day-factor of firn (DDF f ) and ice (DDF i ), which are 15 % and 30 % larger than that of snow (DDF s ), respectively. A temperature-index approach (Hock 2003; Engelhardt et al. 2012 Engelhardt et al. , 2017 was used in the study for the calculation of the conceptual GSM module. The related equations can be found in Table 1 .
GSM-WASMOD model 145
A glacio-hydrological model: Glacier and Snow Melt -WASMOD model (GSM-WASMOD) was developed in the study by coupling the macro scale water and snow balance modeling system (WASMOD-D) (Xu, 2002; Widen-Nilsson et al., 2009; Gong et al., 2009; Li et al., 2013b Li et al., , 2015b with the GSM module. The spatial resolution of the GSM-WASMOD modeling is 10 km in the study. The daily precipitation, temperature and potential evapotranspiration from the observed stations were interpolated by Inverse Distance Weighted (IDW) method to be 10 km resolution gridded data, which were used as input for from a parameterization of glacier mass balance model (Lutz et al., 2016) . It forces a regionalized glacier mass balance model for Upper Indus Basin (UIB) and estimates changes in the glacier extent as a function of the glacier size distribution and temperature and precipitation. The glacier changes are the result of a close interplay of projected changes in temperature and precipitation, which are calculated monthly in the parameterization approach. In the method, the seasonal timing of the 165 projected temperature and precipitation projections is very important because changes can apply to the ablation season (summer) or the accumulation season (Winter). In the glacier evolution, totally eight ensemble model runs were applied including two Representative Concentration Pathways (RCPs) (RCP4.5 and RCP8.5) with four GCMs (see Table 2 ). More details can be found from (Lutz et al., 2014) .
Statistic downscaling
170
The downscaling techniques are used to link large-scale atmospheric variables to smaller-scale meteorological variables for driving the hydrological model, since GCM is spatially too coarse to determine the regional and basin scale effects of climate change (Rudd and Kay 2016) . In this study, two regression-based statistical downscaling methods, i.e. Statistical Downscaling Model (SDSM) Chen et al. 2012) and Smooth Support Vector Machine (SSVM) (Chen et al. 2010 (Chen et al. , 2012 , were applied for downscaling of the daily precipitation, maximum daily temperature (tmax), minimum daily temperature (tmin)
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and daily evapotranspiration in a Himalayan head water basin under climate change of the 21st Century.
Statistical Downscaling Model (SDSM)
The SDSM method was proposed by , which is a decision support tool for estimating climate change impacts and has been widely used in the climate change studies Dibike 2005; Chu et al. 2010; Tatsumi et al. 2014) . SDSM is a classic and popular method of statistical downscaling (Koukidis and Berg, 2009) . It implements linear 180 regression (MLR) to estimate the amount and/or the occurrence of local meteorological predictands. SDSM behave well in keeping mean of predictands, while it is weak in simulating standard deviation and extreme values (Hessami et al., 2008) . For precipitation, the SDSM firstly reproduces the occurrence of precipitation, just like Weather Generator, before the magnitude simulation. The occurrence generator of SDSM in conditional downscaling is based on the regression of predictor variables:
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where a 0 is an underlying probability and i a is the weight of the i th predictor. The magnitude generator is the MLR algorithm, which is commonly used in regression-based methods. The advantages of SDSM are the superior ability of simulation and the visual, user-friendly interface that does not exist in most of the downscaling models. The latest SDSM software (version 5.1) strengthens the ability for creating more complex transformations of the input series.
Smooth Support Vector Machine (SSVM)
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The Support vector machine (SVM) is a learning method based on the Vapnik-Chernonenkis (VC) dimension and structural risk minimization (SRM) (Vapnik 1998 
where W and b are the parameters. Aiming at minimizing the structural risk, an objective function R is constructed as:
In which, ξ is the loss function and C is the regularization parameter. Besides, a kernel function ( )
which meets the Mercer condition F is a way to handle input vector such that:
After the model optimization, finally the determined decision function
f X can be written as:
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where i α is the Lagrange multiplier. The calculation of SVM costs a relatively large demand for computation, since the objective function of initial SVM is not strictly constrained. Therefore, a smoothing technique is utilized in SSVM to make the algorithm converges to the unique solution in order to have a better efficiency than SVM (Lee and Mangasarian, 2001) . In this study, SSVM is directly used to construct the relationship between hydrological data and atmospheric variables in order to simulate future climate change by this relationship. 
Model calibration
There are six parameters to be calibrated in GSM-WASMOD by searching for an optimal parameter set for the discharge station at Thalout, including the snowfall temperature a 1 , snowmelt temperature a 2 , actual evapotranspiration parameter a 4 , the fastrunoff parameter c 1 , the slow-runoff parameter c 2 and the degree-day factor of snow DDF s . The average annual glacier mass balance and discharge station in Beas River basin are both used for the calibration in the study (Li et al. 2013; Azam et al. 220 2014) . The calibration and validation time period used for this study were 1990-2000 and 2001-2004, respectively . We used the data of 1990 for three preceding spin-up years. GSM-WASMOD run with the 5000 parameter sets, which were obtained by the Latin-Hypercube sampling method (Gong et al., 2009 (Gong et al., , 2011 Li et al., 2015a) . The best parameter set was then chosen based on three indices, including Nash-Sutcliffe coefficient (NSC) (Nash and Sutcliffe, 1970) , relative volume error (VE) and root-meansquare error (RMSE). For the best model performance, the NSC is to be 1 and the other two indices, i.e. VE and RMSE, are to 225 be 0. 
RESULTS AND DISCUSSIONS
GSM-WASMOD calibration and validation
The calibration (1990-2000) and validation (2001-2004) results from WASMOD and GSM-WASMOD are given in Table 3 , which shows that GSM-WASMOD has obviously improved the performance of WASMOD in reproducing historical discharge
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in Beas river basin. For the calibration of GSM-WASMOD, the monthly NSC and daily NSC are 0.74 and 0.66 respectively.
The RMSE and VE are 1.4 and 9%, respectively. For the Beas river basin, located to the North mountainous India, the model underestimates the flow during June-August, which leads to a large negative bias (Fig. 2) . The mean annual precipitation is 1237 mm/yr for 1990-2004, while the observed discharge is even higher which is 1267 mm/yr. Comparing the observed discharge and precipitation, the bias is most likely related to an underestimation of precipitation due to limited rain gauge 235 stations. More detailed components of simulated flow are shown in Fig. 3 .
In Beas river basin, the Chhota Shigri glacier is the main glacier, which is close to Bhuntar. The total runoff (including rainfall discharge, ice-and snow-melt discharge) from glacier cover area contribute about 24 % of total runoff and the glacier imbalance There are many uncertainties and challenges for the future hydrological projection under climate change in Beas river basin. In the basin, the dedication of snow and glacier melting is significant for the total runoff, which varies from 27.5 % ~ 40% by previous studies (e.g. Kumar et al. 2007; Li et al. 2013a Li et al. , 2015a . In our study, the total snow and glacier melting from glacier 
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(2017). There are no gauge stations, which is over 2000 meters in our study and neither of the gauge stations includes appropriate snowfall measurement. Lacking of reliable snowfall measurement over the Himalaya regions is one of the reasons for a poor understanding and a large uncertain of high altitude precipitation over this area (Mair et al. 2013; Ragettli and Pellicciotti 2012; Immerzeel et al. 2013 Immerzeel et al. , 2015 Viste and Sorteberg 2015; Ji et al. 2015) . Some studies showed that the high altitude precipitation is much larger than previously thought and other dataset (Immerzeel et al. 2015; Li et al. 2017) .
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Comparing the high resolution WRF precipitation with gauge rainfall, the results showed underestimation of WRF at Manali station in summer period (JAS). The Manali precipitation is more heavily influenced by the complex topography than other stations, because it locates at a bit deeper valley in the mountains. This is probably the main reason that WRF underestimates the rainfall in summer period comparing with gauge rainfall. While for winter period (DJFM), the WRF results showed much larger precipitation over high altitude in Beas river basin comparing with gauge rainfall.
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